Microscopic and sample-scale heterogeneities have been characterized in nickel processed by accumulative roll bonding (ARB) to a von Mises strain of 4.8, and their influence on recrystallization have been analyzed. The microscopic deformation heterogeneities in this material are mostly associated with regions near the bonding interface, which are more refined and thus possess a higher stored energy than other regions. These regions also contain characteristic particle deformation zones around fragments of the steel wire brush used to prepare the surface for bonding. The sample-scale heterogeneities are seen as variations in the distribution of different texture components and in the fractions of high misorientation regions between the subsurface, intermediate, and central layers. Each of these heterogeneities affects the progress of recrystallization. Regions near bonding interfaces and particle deformation zones are found to act as preferential nucleation sites. Preferential nucleation is also observed at shear bands and within cube-oriented lamellae. On the sample scale, recrystallization proceeds faster in the intermediate layer than in the central and subsurface layers.
Introduction
Accumulative roll bonding (ARB) is a comparatively simple deformation process which allows very high strains to be achieved by a repetitive cycle consisting typically of 50% rolling, cutting of the rolled material in half, cleaning and wire brushing of the surface, and stacking the halves to be rolled again in subsequent cycles [1, 2] . It has been shown that the high strains induced by ARB result in significant structural refinement and large fractions of high-angle boundaries (HABs). For example, the average boundary spacing measured along the normal direction (ND) in ARB-processed nickel at a von Mises strain e vM of 6.4 is *0.1 lm, and the fraction of HABs is *60% [3] . There are, however, significant through-thickness heterogeneities both in texture [4] [5] [6] [7] [8] [9] [10] and in the deformed microstructure [9] [10] [11] [12] [13] [14] after ARB. The latter has been observed both at the microscopic scale and at the sample scale. At the microscopic scale, microstructural heterogeneities are present within each individual bonding layer in the form of atypically fine subgrains found in the near-interface regions [10] [11] [12] [13] [14] , and in the form of coarse particles found only along the bonding interface [14] [15] [16] [17] . At the sample scale, microstructural heterogeneities have been described in terms of high misorientation regions (HMRs) and low misorientation regions (LMRs) found in different proportions in the subsurface, intermediate, and central layers of an ARB stack [9] .
Sample-scale heterogeneities in deformed microstructures are known to affect the recrystallization behavior, including both nucleation [18] [19] [20] and growth kinetics [21] . However, very little work has been done to investigate the influence of multiscale heterogeneity induced by ARB on recrystallization. Only microscopic heterogeneities related to the bonding interfaces have been reported in annealed ARB-processed samples of copper [22] and aluminum [23] , where the final grain size was found to be smaller near the interfaces than in the center of the bonded layers. The origin of the coarse particles seen along the interfaces and their effects on nucleation, however, have not been studied in these publications.
In this work, the influence of multiscale heterogeneity on the recrystallization behavior is investigated using an ARB-processed nickel sample that has previously been shown to contain both microscopic and sample-scale heterogeneities after deformation [9] . Several questions are addressed in this study: (i) How do the microscopic heterogeneities induced by ARB affect the spatial distribution of nucleation sites?; (ii) How do the sample-scale heterogeneities affect the recrystallization texture?; and (iii) How do all these heterogeneities affect the overall recrystallization kinetics, and nucleation and growth rates? To the best of our knowledge, the present work is the first one where the recrystallization process is analyzed by combining both microscopic and samplescale characterizations of an ARB-processed material. The results obtained in the present work are compared to those in the literature data for heavily-rolled nickel.
Experimental
A pure nickel sample with an initial grain size of approximately 20 lm, processed by ARB to a von Mises strain e vM = 4.8 [9] , was used in the present work. For this sample, the first 50% rolling pass was conducted on a strip with an initial thickness of 2 mm, while stacking and bonding cycles started from the second pass. Lubrication was used for each rolling pass. To enable good bonding during rolling, the strip surface was cleaned with acetone and scrubbed with a steel wire brush. In total, six rolling passes (i.e., 5 bonding cycles) were used, resulting in a sample containing 32 individual ARB layers. This material was annealed in air at 220°C for different periods of time. For microstructural investigations, the longitudinal section, which contained the rolling direction (RD) and the ND, was monitored by means Figure 1 Definitions of layers and interfaces in the ARBprocessed Ni sample. Numbers correspond to the rolling pass number, during which an interface was produced. Dotted lines with no number correspond to the interfaces obtained during the second rolling pass.
of a Zeiss Supra 35 scanning electron microscope using energy dispersive X-ray spectrometry (EDS), BSE imaging, and the EBSD technique.
A step size of 50 nm was used for studying the deformed and the recovered microstructure by EBSD. A larger step size of 0.5 lm was used for the analysis of recrystallization and texture, for which a total area of at least 1 mm 2 was mapped covering the entire thickness of the sample. Since considerable differences in the microstructure and texture were observed in the deformed sample between the subsurface, the intermediate, and the central layers [9] , these layers were analyzed separately also in the present work. Each of these layers was defined as 1/5 of the sample thickness (see Fig. 1 ). For the subsurface and intermediate layers, the data obtained in the top and bottom sides of the ARB sample were averaged. Except for regions containing the coarse particles, the EBSD indexing fraction was at least 72% for the deformed microstructure, and increased with increasing annealing duration to reach 90% after 210 min of annealing. Non-indexed points in the data were filled with orientations of neighboring points using the noise-reduction filter in the post-processing software. The filtering was controlled so as to be sufficient to reassign orientations to non-indexed points along grain boundaries and subboundaries, while also ensuring that the clusters of the non-indexed points associated with coarse particles remained in the EBSD maps even after filtering. A critical misorientation angle of 2°was used for defining the boundary spacing and fractions of different boundary types in the EBSD maps. Low-angle boundaries (LABs) were thus defined as those with misorientations in the range of 2°-15°. Boundaries with misorientations above 15°were defined as HABs. Furthermore, HMRs and LMRs [9, 19, 24] were identified in the EBSD maps to characterize heterogeneity in microstructural refinement in the asdeformed sample. LMRs were defined as areas greater than 2.5 lm 2 surrounded by boundaries with misorientations [5°. The remaining areas in the deformed microstructure were defined as HMRs.
Fractions of texture components were calculated within a 15°deviation from the corresponding ideal orientations. Following our previous work [9] , the rolling texture components after ARB are described as a combination of the Brass ''Bs'' {110} 112 Recrystallized grains were defined based on an algorithm described in [25] using the following approach. First, a minimum angle of 1°(excluding twin 60°111 h i misorientations) was used to detect grains in the EBSD maps. Grains with an equivalent circular diameter (ECD) larger than 3 lm and partly surrounded by HABs were then considered to be c BSE image showing a particle and a characteristic particle deformation zone; d EDS spectrum from the center of the particle in (c). Dashed lines and the numbers in a indicate the interfaces obtained during the last two (the fifth and the sixth) rolling passes.
recrystallized (see an example in the supplementary material). The orientation spread within these recrystallized grains was less than 1.5°. The stored energy was calculated from the EBSD data using the method described in Ref [26] . The specific boundary energy of the LABs was calculated from the Read-Shockley equation [27, 28] . The specific boundary energy of HABs was taken as 0.866 J/m 2 [29] .
Results

Deformed material
As reported in our previous publication [9] , the texture of the ARB-processed Ni sample is heterogeneous through the thickness (see Fig. 2 ; Table 1 ).
Increased intensities of the D component and shear texture components are observed in the subsurface (see Fig. 2a ), where the shear texture is confined to the first 50-80 lm from the immediate surface. The summed fraction of the rolling texture components (f Rol ) in the subsurface layer is 48%, which is much less than those in the central and intermediate layers, where the textures are more similar to the classical rolling-type texture (see Fig. 2b , c; Table 1 ). An example of the deformed microstructure is shown in Fig. 3 , covering an interface created in the central layer during the second rolling pass. The microstructure in the core (defined here as regions away from the bonding interface) is typical of the microstructure in heavily rolled nickel, where lamellar bands closely aligned with the rolling plane are combined with microshear bands at 25°-40°to the RD [30, 31] (see Fig. 3a ). The microstructure within a volume extending over approximately 5 lm on either side across the interface is more refined and contains a larger frequency of HABs, which results in an increased frequency of HMRs (see Fig. 3b ). The orientation map in Fig. 3c demonstrates that despite the very high rolling strain imposed during ARB, lamellae of the cube component and of random orientations are still present in the microstructure.
Interfaces also contain coarse particles (Fig. 4) . The frequency of such particles appears to be higher along the interfaces created during the last two (the fifth and the sixth) passes (see Fig. 4a ). Figure 4b , which presents the number of particles N p coarser than 10 lm calculated per unit interface length, provides clear evidence that N p increases with increasing number of rolling passes. An EDS analysis indicates that these particles contain a combination of chemical elements typical of stainless steels (Fig. 4d) . The presence of these steel particles alters the microstructure around them, producing characteristic particle deformation zones (Fig. 4c) . The microstructure in the particle deformation zones contains finer subgrains with a larger orientation spread than those in the core.
The sample-scale variations of the microstructure described previously in detail in Ref. [9] are summarized in Table 1 for the subsurface, intermediate and central layers. It is seen that the average boundary spacing d h [ 2°a long the ND is fairly similar in all three layers, being in the range of 155-160 nm. The differences in the average HAB spacing between the layers are more significant: the largest average HAB spacing is in the intermediate layer, 310 nm, whereas the subsurface layer is characterized by a considerably smaller average HAB spacing, 285 nm (see Table 1 ). Conversely, the lowest fraction of HMRs (f HMR ), 44%, is in the intermediate layer, while the highest f HMR , 61%, is in the subsurface layer. The values of d HAB and f HMR in the central layer are in-between the minimum and maximum values for the other two layers.
Annealed samples
EBSD maps from several samples annealed at 220°C covering their entire sample thickness are shown in Fig. 5 . It is seen that after 15 min, the material is at an early stage of recrystallization ( Fig. 5a ), where the area fraction of recrystallized grains f Rex in different layers is 4-6%. The average size of these recrystallized grains (d Rex ) is 6-7 lm, and many of them belong to the cube {001} 100 h itexture (yellow in Fig. 5 ). The EBSD map in Fig. 5a demonstrates that nucleation is not random, and that recrystallized grains appear preferentially at certain locations. Closer inspection reveals that preferential nucleation takes place near bonding interfaces (see Fig. 6a ) and around steel particles (see Figs. 6b, 7a). It is noteworthy that nuclei in such places develop at some distance (typically greater than 1 lm) from either the bonding interface or the particle surface. This is especially pronounced at coarse steel particles, which appear to have a thin fine-structured shell resistant to nucleation, partially surrounded by a necklace consisting of a number of clustered recrystallized grains having different crystallographic orientations (Fig. 7a) . The nuclei near the fifth and the sixth interfaces are characterized by a greater variety of orientations than the nuclei developed along other interfaces. Preferential nucleation is also observed in core regions, e.g., at shear bands (Fig. 7b) and within preexisting cube lamellae (see Fig. 7c ). In Figure 6 BSE images showing recrystallized grains nucleated near interfaces in the sample annealed at 220°C for 15 min: a along the interface; and b around a coarse steel particle lying at a bonding interface. The RD is parallel to the scale bar.
non-recrystallized areas, annealing results in structural coarsening: the average boundary spacing along the ND increases from *160 nm before annealing to *190 nm after 15 min of annealing, as measured within the recovered regions in the intermediate layers; and to 220-250 nm as measured similarly in the subsurface and central layers.
The frequency, area fraction, and the average size of the recrystallized grains all increase with increasing annealing duration (see Figs. 5b, c, 8 ). After 30 min of annealing, the intermediate layers contain the greatest area fraction of recrystallized grains (f Rex = 44%) compared with the central and subsurface layers (f Rex = 32 and 28%, respectively). The Figure 7 Orientation maps showing nuclei and recrystallized grains after 15 min of annealing at 220°C: a grains of different orientations nucleated around a coarse steel particle (seen as a black region). Colored pixels seen inside the black region are indexed as nickel, most likely introduced as an artifact during sample preparation by smearing of material onto the exposed particle surface; b at a shear band (marked by an arrow); c in core regions by bulging out from a preexisting cube-oriented band. LABs, HABs, and twin boundaries are shown as white, black and purple lines, respectively. The RD is parallel to the scale bar. difference in f Rex values between the layers is reduced after further annealing (see Fig. 8b ). As seen in Fig. 5c , there is a greater frequency of recrystallized grains having non-cube orientations near the surface and near the interfaces obtained by the last two (the fifth and the sixth) rolling passes than elsewhere.
After 210 min of annealing, recrystallization is almost complete (f Rex = 95-97%), with non-recrystallized areas mostly observed along the bonding interfaces, including regions in contact with steel particles (Fig. 9a, b) . Such non-recrystallized regions appear to be more frequent along the interfaces introduced after the last two rolling passes than along the interfaces produced by the preceding passes (Fig. 9c) . The average recrystallized grain size in this almost fully recrystallized condition is approximately 10 lm in all layers (see Fig. 8a ).
Recrystallization results in significant changes in texture (see Figs. 5, 10 ), leading to strengthening of the cube component primarily at the expense of the rolling texture. There is no substantial difference between the central and intermediate layers in the evolution of texture, where the area fraction of the cube texture approaches 70% after 210 min of annealing at 220°C (Fig. 10c) . However, in the subsurface, the cube texture is consistently weaker for each annealed condition.
Discussion
The origin of various heterogeneities of deformation texture and deformed microstructure in ARB-processed materials has been discussed in a number of previous publications [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Based on these publications, it can be summarized that sample-scale heterogeneities generally reflect the heterogeneous distribution of strain for the last few ARB cycles, whereas microscopic heterogeneities (i.e., the difference between the core and interface regions) are associated with the entire ARB process, where roll bonding in each new cycle creates a new central layer with a new interface along two former surfaces. These interfaces contain coarse particles, which are morphologically similar in several ARB-processed materials [14] [15] [16] [17] . In contrast to many previous publications, where such coarse particles seen along the interfaces were either disregarded or described as oxide particles, the EDS analysis of coarse particles observed in the present work provides clear evidence that these are steel particles. It is considered that these particles are imprinted fragments of the wire brush used for cleaning the surface before stacking and roll-bonding. As the distance between particles imprinted into each newly created interface increases with the increasing strain imposed by subsequent passes, the number of such particles per unit interface length is the largest for the recently formed fifth and sixth interfaces (Fig. 4b) . An additional factor which may contribute to the larger N p for the interfaces formed during the last two ARB cycles is that material hardening during the ARB process may result in a greater likelihood of brush wire breaking in contact with a hardened surface compared with the softer surface after only a small number of rolling passes. The influence of such microscopic heterogeneities as well as sample-scale heterogeneities on the recrystallization process will be considered in the following subsections.
Microscopic heterogeneities
The presence of microscopic deformation heterogeneities in the form of a highly refined microstructure at the interfaces between bonded layers, particle deformation zones, and shear bands greatly affects the recrystallization behavior of the ARB-processed nickel sample, such that these heterogeneities, as well as cube-oriented lamellae, provide preferential nucleation sites during annealing (see Figs. 5a, 6, 7) .
The high frequency of recrystallized grains near the interface layers, which are characterized by the increased concentrations of HMRs before annealing (see Fig. 3b ), is consistent with previous observations of preferential nucleation within HMRs in other heavily deformed materials [19, 24, 32] . Calculations made based on the EBSD data indicate that in the deformed microstructure, the stored energy within a 10 lm-wide region across the interface is approximately 10% higher than that in the core. This higher stored energy provides a higher driving force for recrystallization, which results in a large number of recrystallized grains along the interface at the early stage of recrystallization.
Furthermore, particle deformation zones, where particle-stimulated nucleation [29] takes place, are also located along the interface and thus additionally contribute to near-interface nucleation. Due to the large variety of crystallographic orientations in these particles deformation zones (Fig. 7a) , the orientations of recrystallized grains nucleated within these zones are also different [29] . As there is a higher frequency of particles along the fifth and the sixth interfaces, these last interfaces contain a larger frequency of noncube-oriented grains than the other interfaces (see Fig. 5c ). Another reason for the more varied orientations of recrystallized grains along the fifth and the sixth interfaces is that the texture along these ''fresh'' interfaces is slightly different from the texture along the older interfaces. Analysis of the deformation texture within 10 lm across the fifth and the sixth interfaces indicates that the fraction of the rolling texture here is approximately 10% lower than the overall fraction of this texture in the central and intermediate layers. Apparently, this lower fraction reflects the influence of increased shear at the surface before bonding by the fifth and the sixth rolling passes, and additionally contributes to the greater variety in orientation of recrystallized grains along those interfaces. Due to the increased frequency of nuclei near the interface, these interface regions contain a larger frequency of small grains than the core (see Figs. 5c, 9c) . The latter is in agreement with previous findings for copper annealed after ARB [22] .
The fact that, despite the high driving force for recrystallization, both the immediate interface surface and a thin shell around coarse particles are resistant to nucleation can be attributed to possible contamination by iron and chromium present in the steel brush (see Fig. 4d ). Some of these regions remain non-recrystallized even after 210 min of annealing 220°C (Fig. 9) . Similar non-recrystallized regions along the bonding interface in Ni were observed by Kwan et al. [23] in Al, although in their work, these regions were described as ''discontinuous segregations of small grains''. Our analysis clearly indicates that such regions are remnants of the lamellar structure produced during deformation.
Sample-scale heterogeneities
In addition to the differences in the recrystallization behavior induced by microscopic heterogeneities, there are appreciable differences between the subsurface, intermediate and central layers in the progress of recrystallization (in particular, after 30 min of annealing) and in the development of the annealing texture (Figs. 8b, 10 ). The observation that the subsurface layer, which has an initially high f HMR (see Table 1 ), recrystallizes more slowly than the intermediate layer with an initially much lower f HMR may seem unexpected and deserves additional analysis. To rationalize the difference in the annealing behavior between the layers, we again consider the influences in turn of the stored energy and the crystallographic texture.
Influence of the stored energy
The values of the stored energy E s calculated from the EBSD data for the different layers in the as-deformed material are fairly similar (blue bars in Fig. 11a) , consistent with the observed similar fractions recrystallized after 15 min of annealing ( Fig. 8b and blue bars in Fig. 11b ). For the 15 min annealed sample, the E s values (red bars in Fig. 11a ), calculated only for the non-recrystallized (recovered) areas, are both lower than those in the as-deformed sample, and are noticeably different for the different layersbeing considerably larger in the intermediate layers than in the central and subsurface layers. The higher stored energy in the recovered microstructure of the intermediate layers implies that the driving force for recrystallization is also higher in these layers, which explains the significantly higher values of f Rex after 30 min of annealing in these layers (see Fig. 8b and red bars in Fig. 11b) .
Considering possible correlations between f HMR and f Rex , it is suggested that initially higher f HMR Figure 11 Correlation between the stored energy in the deformed/ recovered microstructures and the fraction recrystallized after subsequent annealing at 220°C: a stored energy calculated from the EBSD data for the as-deformed sample and for the recovered regions after 15 min of annealing; and b f Rex after 15 and 30 min of annealing.
values in particular layers of the as-deformed material do not necessarily result in higher f Rex values in the same layers after annealing because the deformed microstructure evolves during recovery. Recovery, either prior to the onset of recrystallization or otherwise taking place concurrently with recrystallization, typically leads to structural coarsening, which can substantially modify the local microstructure [20, [33] [34] [35] . Such coarsening is expected to be more pronounced in HMRs than in LMRs as the former contain a greater frequency of highly mobile HABs. Therefore, during the first 15 min of annealing, the microstructures in the central and subsurface layers with higher HMR fractions coarsen more (to 220-250 nm as measured along the ND) than in the intermediate layer (to 190 nm along the ND), where the fraction of HMRs was initially lower (see Table 1 ). These significant changes underline the importance of characterizing the recovered state when analyzing recrystallization. Another reason that contributes to differences in the progress of recrystallization in the different layers is crystallographic texture, as considered in the following subsection.
Effects of crystallographic texture
In agreement with crystal plasticity modeling results [7] , our ARB-processed Ni sample demonstrates a strong through-thickness variation of the crystallographic texture (see Fig. 2 ; Table 1 ). In the central and intermediate layers, the deformation texture resembles the classical rolling texture with a summed area fraction of the Bs, S, and Cu components of 74-76%, which is similar to that observed in other Ni samples cold rolled to a similar strain [36] . Therefore, the texture evolution during annealing in these layers is expected to be similar to that in the conventionally rolled (CR) Ni, where a strong cube texture typically develops upon annealing. In rolled fcc materials with low and medium stacking fault energies, cube-oriented grains have been reported to nucleate from the preexisting cube lamellae [37] [38] [39] and, in some cases, they may also be produced by annealing twinning [40] . Such nucleation examples have also been found in our work (e.g., Fig. 7a, c) . As cube-oriented grains generally grow faster than grains of other orientations [36] , their growth competition advantage results in a strong cube texture during recrystallization. For example, in Ni conventionally rolled to e vM = 4.5 and recrystallized at 300°C, the fraction of the cube texture was *70% [36, 41] . This fraction is very similar to the values obtained in the central and intermediate layers of our ARB-processed sample when recrystallization was almost complete. Thus, except for regions near the fresh interfaces, the development of the recrystallization texture in the central and intermediate layers of the ARB-processed Ni is, in general, fairly similar to that typically reported for CR Ni [36, 41] .
In contrast, the fraction of the cube component in the recrystallized subsurface is only 55%. This reduced fraction of the cube texture can be attributed to the reduced strength of the classical rolling texture before annealing. Indeed, for the deformed sample, the summed area fraction of the rolling texture components (calculated excluding the D component) in the subsurface is only half of that in the central and intermediate layers. Intensities of the D and shear texture components in the subsurface are, however, increased (see Fig. 2a) . Thus, the environment in Figure 12 Distributions of misorientations between the ideal cube orientation and orientations measured in the deformation matrix in different layers: a within first 80 lm from the immediate surface of the ARB sample; and b in the central layer.
which cube-oriented grains nucleate and grow in the subsurface is different from that in the other layers. This texture effect is especially pronounced within the first 50-80 lm-thick sublayers with the strongest shear components. This is illustrated in Fig. 12 , where distributions of misorientations between the ideal cube orientation and the measured orientations within the deformed matrix are presented for the first 80 lm from the immediate surface and for the central layer (the latter distribution is also similar to that for the intermediate layers).
It is seen that both distributions in Fig. 12 are characterized by high frequencies of misorientation angles between *40°and *55°and thus are not significantly different. However, the distribution of misorientation axes in Fig. 12a is very different from that in Fig. 12b . Although there is a high density of axes around the 111 h i pole in the cube/matrix misorientation distribution for the central layer (Fig. 12b) , this distribution for the regions with increased shear texture is much broader and the density near 111 h iis low (Fig. 12a) . In a previous study of recrystallization in heavily rolled Ni [42] , it was found that grains surrounded by HABs with misorientation axes near 111 h iwere favorable for growth. This observation is consistent with the present experimental results, where a stronger cube texture is developed in the central regions compared to the subsurface, given the observed differences in rotation axes (Fig. 12) .
Analysis of recrystallization kinetics and comparison with conventionally rolled Ni
When analyzing samples produced using the ARB process, it is useful to consider how these samples differ from those produced by conventional rolling. In our previous work [3] , such a comparison was made for ARB and CR samples after a strain of 2.4, where it was found that the microstructure in the ARB sample was on average finer than that after conventional rolling. This greater refinement by ARB appears to be the case also for the strain level applied for the sample studied in the present work. For example, Zhang et al. [41] reported d HAB = 0.53 lm for Ni rolled to a similar strain of e vM = 4.5. Table 1 shows that this parameter is much smaller, *0.3 lm, in the ARB sample investigated here. To analyze what differences exist in the annealing behavior of the ARB and CR samples, it is convenient to compare their recrystallization kinetics using a standard Johnson-Mehl-Avrami-Kolmogorov (JMAK) plot, presenting -ln(1-f Rex ) as a function of annealing time t on a double logarithmic scale. Assuming that f Rex = 1-exp(-Kt n ), where K is a constant, the exponent n, frequently referred to as Avrami exponent, can be derived from the slope in the JMAK plot. This plot is shown in Fig. 13a , presenting the overall evolution for the entire sample. It is seen that the slope decreases continually as recrystallization proceeds, and accordingly that the standard JMAK equation does not describe well this kinetics. A negative deviation from a straight line in the JMAK plot is not surprising, as similar behavior has also been seen in other materials, e.g., rolled copper [43, 44] . Several reasons could lead to such a deviation, including both a non-uniform distribution of nucleation sites and non-uniform growth of the nuclei.
To analyze the change in the slope of the JMAK plot with increasing annealing time, the data have been fitted to a fourth degree polynomial, log(-ln (1-V v 
E(logt) 4 , where A to E are fitting parameters. It should be noted that the three extra terms of high order logt are only used to obtain a good fit to the experimental data and do not have a physical interpretation [44] . Based on this approach, the values of Avrami exponent n are determined to be 3.5, 2.4, 0.7, and 0.02 at 15, 30, 90, and 210 min, respectively. The standard JMAK model assumes that the nuclei are randomly distributed. With the further assumption that all recrystallized grains grow in 3D with a constant linear growth rate, an Avrami exponent of n = 3 corresponds to site-saturated nucleation and n = 4 corresponds to a constant nucleation rate [45] . In the very early stage of recrystallization (B15 min), although the nuclei are not distributed randomly throughout the sample thickness, many nuclei can grow freely in 3D. Considering the data in Fig. 13b , which shows the number of recrystallized grains N v , calculated as N v = N a /R, where the N a is the number of grains per unit area, and R is the average grain size, it is evident that the nucleation rate is somewhere between the two ideal cases of a constant nucleation rate and site saturation. Therefore, the Avrami exponent of n = 3.5 is reasonable for the very early stage of recrystallization. As recrystallization proceeds, the non-random distribution of nuclei leads to an increasing effect of impingement [43, 46] . According to [43] , such impingement can reduce the growth from 3D to 2D, or even to 1D, at the later stage of recrystallization, with a corresponding decrease in the Avrami exponent. Such a decrease in the growth dimension explains partly the decrease of the Avrami exponent observed in the present work.
In addition to the effect of impingement on the growth dimension, changes in the growth rate during recrystallization can also lead to a reduction in the Avrami exponent [47] . To evaluate this effect, the average growth rate G h i of recrystallized grains was calculated using the extended Cahn-Hagel method [48] , in which the measured growth rate is isolated from the effect of impingement by only considering the migration of boundaries where impingement does not take place. As shown in Fig. 13c , the average growth rate is initially high, but decreases as the recrystallization proceeds. These changes in G h i and N v observed in our material are very different from those reported for nickel rolled to e vM = 4.5, where both G h i and N v were found almost constant during annealing [36] . The observed decrease in the growth rate is mainly due to the fact that the stored energy within the non-recrystallized areas decreases with increasing annealing duration. It is postulated also that regions near the bonding interfaces may become contaminated during the ARB process, and that the growth rate in these regions is additionally affected by impurities. This is supported by the observation that the extremely slow process at the end of recrystallization is mainly related to the regions along the bonding interfaces specific to the ARB process (Fig. 9 ).
Conclusions
Investigations using EBSD and BSE imaging reveal that the deformation of nickel processed by ARB to a von Mises strain of 4.8 induces heterogeneity over a wide range of length scale. At the microscopic scale, heterogeneities are mostly associated with regions near the bonding interface, which are more refined and contain a higher stored energy than elsewhere. These regions also contain particle deformation zones around coarse steel particles introduced during the ARB process. Sample-scale heterogeneities are seen as variations in the fractions of rolling and shear texture components and in the relative fractions of HMRs in the subsurface, intermediate, and central layers. During annealing at 220°C, these heterogeneities influence the recrystallization in a complex manner with the following key points identified:
(1) Nucleation of recrystallized grains takes place preferentially both at regions of higher stored energy near bonding interfaces, and deformation zones around coarse particles, identified as arising from wire-brushing of the surface prior to each bonding cycle, as well as from shear bands and cube bands elsewhere in the microstructure. The heterogeneity in nucleation extends to the sample scale as a result of the variation in the number of coarse particles per unit length of each bonding interface. (2) The fraction of the cube texture is smaller in the subsurface than in the other layers. The difference in the recrystallization texture can be attributed to the stronger shear texture, and correspondingly weaker rolling texture, produced by rolling in the subsurface layers. Additionally, sample-scale heterogeneity, amplified by a significant reduction in stored energy during recovery that takes place to a lesser extent in the intermediate layer, results in faster recrystallization in this layer compared to the other layers. (3) The recrystallization kinetics in ARB-processed Ni are significantly different from those reported previously for the conventionally rolled Ni deformed to a similar strain. In contrast to the conventionally rolled nickel sample, where the number of recrystallized grains and their growth rate were found to be almost constant during annealing, nucleation in the present ARB sample takes place over an extended period of time with the growth rate of recrystallizing grains decreasing with time.
This investigation highlights the sensitivity of recrystallization in terms of both nucleation and growth to microstructural heterogeneities and the importance, particularly in metals deformed to large strains, of the effect of recovery in establishing the pattern of heterogeneity in which recrystallization takes place. In this regard, ARB-processed samples provide a rich microstructural environment for the study of such effects.
